Abstract Surface modifications of microfluidic devices are of essential importance for successful bioanalytical applications. Here, we investigate three different coatings for quartz and poly(dimethylsiloxane) (PDMS) surfaces. We employed a triblock copolymer with trade name F 108 , poly (L-lysine)-g-poly(ethylene glycol) (PLL-PEG), as well as the hybrid coating n-dodecyl-β-D-maltoside and methyl cellulose (DDM/MC). The impact of these coatings was characterized by measuring the electroosmotic flow (EOF), contact angle, and prevention of protein adsorption. Furthermore, we investigated the influence of static coatings, i.e., the incubation with the coating agent prior to measurements, and dynamic coatings, where the coating agent was present during the measurement. We found that all coatings on PDMS as well as quartz reduced EOF, increased reproducibility of EOF, reduced protein adsorption, and improved the wettability of the surfaces. Among the coating strategies tested, the dynamic coatings with DDM/MC and F 108 demonstrated maximal reduction of EOF and protein adsorption and simultaneously best longterm stability concerning EOF. For PLL-PEG, a reversal in the EOF direction was observed. Interestingly, the static surface coating strategy with F 108 proved to be as effective to prevent protein adsorption as dynamic coating with this block copolymer. These findings will allow optimized parameter choices for coating strategies on PDMS and quartz microfluidic devices in which control of EOF and reduced biofouling are indispensable.
Introduction
Microfluidics is a rapidly developing field with applications in molecular analysis, bioanalytics, or medicine [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . These so-called lab-on-a-chip devices (LOC) assembledepending on the detailed demands-miniaturized microreactors, separation systems, or detectors. Most often, they provide fast analysis of small quantities of analyte with high resolution [3, 4, 6, 7, [10] [11] [12] [13] . In LOCs, surface properties become dominant because the surface-to-volume ratio increases drastically. As a consequence, control of surface properties is of utmost relevance to provide proper physical, chemical, and biological functions like the control of electroosmotic flow (EOF) or protein adsorption. This lack of control of the surface properties in LOCs has mostly prevented real-world applications [14] .
There is a wide variety of materials used for microfluidic devices, e.g., silica, glass, and quartz or thermoplasts like poly(methyl methacrylate) (PMMA), polycarbonate (PC), poly(ethylene terephtalate) (PET), and cyclic olefine copolymer (COC) or elastomers like poly(dimethylsiloxane) (PDMS) [14] [15] [16] [17] [18] [19] . Especially the latter is a frequently used material for LOCs. PDMS microchips are cheap, easy to fabricate (only the master wafer is fabricated in a clean room), and gas permeable (important for biological appli-cations) [5, 20] . Disadvantages of PDMS comprise its hydrophobicity leading to unstable EOF, the high tendency to protein adsorption [21, 22] , and consequently, its low reusability. In contrast, quartz LOCs are hydrophilic, reusable, and costly. In the UV spectral range, however, their transparency is unexcelled.
Miniaturized capillary electrophoresis in LOCs employs electric fields for the separation of analytes based on variations in their electrophoretic behavior. Simultaneously, the electric field induces transport of the liquid medium by EOF because of the charged channel or capillary surfaces. It is thus of utmost importance to control EOF for electrophoretic applications in LOCs to assure reproducibility and influence separation power. Generally, the electroosmotic mobility μ eo can be approximated as [23] :
where ζ refers to the zeta potential at the charged interface, ε to the permittivity of the medium, η to the viscosity, σ to the surface charge density, and λ D to the Debye layer thickness. Equation 1 shows that μ eo is proportional to the charges on the surface and inversely proportional to the solution viscosity. Most bioanalytical applications require defined buffers so that variations of the ionic strength to influence EOF are not applicable. In contrast, varying surface charges and the viscosity are means to control EOF for capillary electrophoresis applications [23] [24] [25] . For PDMS devices and to a lesser extent also for quartz, a number of surface modifications have been explored [20, 26] . Three main strategies for surface modifications are commonly employed. The first is the use of additives to the polymer formulation the device is made of, either as the basis for further surface-based polymerization reactions [27, 28] or to directly affect surface charges [29] . A second approach involves chemical or photochemical modification of the cured PDMS surfaces in which covalent bonds are formed between surface functional groups and reactive groups of the coating agents. Recent examples include UVinitiated grafting using different initiators [30] [31] [32] as well as chemical grafting of alkyne-PEG [33] , polyethylene glycol monoacrylate, polyethylene glycol diacrylate [34] , and immobilization of poly(L-glutamic acid) to PDMS [35] . These surface modifications are usually very stable but require specific functional groups on the microchannel surface targeting a reactive group of the coating agent. This approach is thus usually not applicable to different microdevice materials due to varying surface functional groups.
A third approach is modification by physisorption of charged or amphiphilic polymers and copolymers. Physisorption methods change surface properties fast and conveniently without chemical reactions involved [8, 9, 17, 36] . A disadvantage of physisorption methods consists in potentially weak interactions of the coating agents with the surface, which may lead to desorption and thus result in instable coatings.
In general, there are two strategies to apply physisorbed coatings: static and dynamic. In the first case, the coating is incubated for a specific time and then rinsed with pure buffer removing unbound residues. For dynamic coatings, the coating reagent is used in all solutions during an experiment. Therefore, if the coating substance partially desorbs, it may be replaced with coating molecules present in the used solution, thus overcoming the disadvantages of physisorption methods in case of weak interactions.
Compared to PDMS, surface coatings for quartz have been studied to a much lesser extent. However, due to its excellent optical properties, quartz remains a highly interesting material for LOCs. Recently, suitable surface coatings for quartz were investigated, such as the introduction of phospholipid polymers to modify EOF in a quartz microfluidic chip [26] .
Here, we focus on physisorption of three different coatings on PDMS and quartz microchannel surfaces. We used F 108 , poly(L-lysine)-g-poly(ethylene glycol) (PLL-PEG), and a mixture of n-dodecyl-β-D-maltoside and methyl cellulose (DDM/MC). PLL-PEG has a positively charged backbone; hence, it binds electrostatically to negatively charged surfaces [37] [38] [39] . F 108 is a triblock copolymer of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-PPO-PEO) with flat (or "pancake") conformation on hydrophilic, plasma oxidized PDMS [40] . The binding relies on the interactions between the hydrophilic PEO chains and the hydrophilic surface. DDM is an alkyl polyglucoside and belongs to the family of nonionic surfactants. The polysaccharide chain of MC has a high affinity to surface charges and binds via electrostatic interactions to the surface [36] . The chemical formulas of these compounds are shown in Fig. 1 .
The coated surfaces were characterized by means of EOF measurements, contact angle, and protein adsorption with fluorescently labeled bovine serum albumin (BSA).
Materials and methods

Chemicals and reagents
Silicon wafers (p-type, doped with boron) were purchased from CrysTec (Germany). Negative photoresist SU-8 (50), SU-8 thinner GBL, and developer were obtained from Microresist (Germany). Tridecafluoro-1,1,2,2-tetra-hydrooctyl-1-trichlorsilane (TTTS) was purchased from Merck (Germany). Poly(dimethylsiloxane) (PDMS) (Sylgard 184) was from Dow Corning (USA). Glass microscope slides (76×26 mm) were obtained from Menzel (Germany). Quartz M. Viefhues et al. glass chips were purchased from Capilix (Netherlands). Disodium hydrogen phosphate dihydrate was obtained from Fluka (Germany). POE-PPO-POE triblock copolymers F 108 (trade name Pluronic™) was a gift from BASF (Germany). DDM, methyl cellulose MC, and fluorescein isothiocyanate labeled BSA (FITC-BSA) were obtained from Sigma-Aldrich (Germany) and Alexa488-labelled BSA and Alexa488-labelled fibrinogen from Invitrogen (USA). Poly(L-lysine) (20)-g[3.5]-poly(ethylene glycol)(2) (PLL-PEG) was from SurfaceSolutionS (Switzerland). For all solutions, deionized water from a Milli-Q Biocel (Millipore, USA) was used.
Fabrication of poly(dimethylsiloxane) microfluidic devices
The PDMS microfluidic devices were fabricated via soft lithography, as previously reported [40, 41] . Briefly, the negative relief structure of the channels was created on a silicon wafer using contact lithography of SU-8 photoresist. This master wafer was silanized with TTTS. PDMS (prepolymer and curing agent in ratio 10:1) was poured on the master wafer and cured at 85°C for 4 h. After peel off, the PDMS slabs were cut, and reservoirs were punched to enable access to the channel. Right before chip assembly, the PDMS and a PDMS-coated glass slide were exposed to plasma oxygen in a home-built vacuum chamber [40] or a plasma cleaner (Harrick, USA). Dimensions of the linear micro channels were 20×20 μm 2 in width and height and 2 cm in length for PDMS chips. Quartz microchannels were obtained from Capilix, Netherlands, at a length of 1 cm and a cross section of 30×30 μm 2 .
Surface derivatization
Surface derivatization was either carried out in the PDMS and quartz microfluidic channels or on PDMS and quartz slabs. All quartz surfaces were rinsed with 0.1 M sodium hydroxide before treatment. Coatings were dissolved in phosphate buffer according to the measurement (see "Results and discussion" section). For PLL-PEG coating, 5 mg(mL) −1 PLL-PEG (185 μM) was dissolved, hybrid DDM/MC coating included 2.5 μg(mL) −1 DDM (0.25% (w/w)) and 0.3 μg(mL) −1 MC (0.03% (w/w)), and F 108 coating was performed at a block copolymer concentration of 7.3 mg(ml) −1 (500 μM). For static coatings, the surfaces were incubated for 30 min [37] and rinsed with buffer before measurements. For dynamic coating, the surface was incubated with coating agent for 5 min before the experiments were started. To perform the adsorption experiments, the initial incubation was followed by a second incubation step with a buffered solution containing the coating agent and protein.
EOF measurements
The electroosmotic mobility was determined according to the current monitoring method [42] and as previously reported [40] . Briefly, the decrease in current upon a buffer exchange from a higher concentrated to a lower concentrated buffer was recorded to determine the electroosmotic mobility. We performed a buffer exchange from 20 to 18 mM phosphate buffer in the anode reservoir and recorded the current decrease at 500 V/cm applied via electrodes dipped in the reservoirs (power supplies from FUG (model HCN 14-12500 and HCN 7E-12500, Germany)). Voltage and current were controlled and recorded via a LabView program (National Instruments, USA). The electroosmotic mobility, μ eo , was calculated with μ eo =L 2 /(Et), with channel length L, electric field E, and time t for complete exchange of buffer. The time was computed by calculating the point of interception of two linear fits applied to the monitored data. In case of PLL-PEG dynamic coating, the EOF was recorded with the same method, however, using a voltage sequencer from Labsmith (HVS448-6000D, Labsmith, USA). Polarity was reversed in the dynamic PLL-PEG case due to anodic EOF.
Contact angle measurements
For the advancing contact angle measurements, a goniometer (Krüss GmbH, Germany) was used. The surfaces were prepared accordingly to the coatings, whereas for the dynamic coatings, the surfaces were incubated for 30 min. After incubation, the surfaces were rinsed with pure buffer and dried with nitrogen. For each coating, the measurements were done at seven spots and averaged; the resulting error was ±3°at PDMS and ±5°at quartz surfaces.
Protein adsorption measurements
For the protein adsorption measurements, fluorescence intensity of fluorescently labeled BSAwas determined on different derivatized surfaces. The surfaces were sectioned with PDMS slabs to avoid any mixture of coatings or washing agents. For the protein adsorption, a droplet of buffer with FITC-BSA (static) or, to mimic dynamic coatings, a buffer droplet containing BSA and coating agent were placed on the prepared surface and incubated for 30 min. In the dynamic case, the surfaces were additionally incubated with the coating agent for 10 min prior to protein adsorption. Fluorescence intensity was measured via fluorescence microscopy (inverted microscope (Axiovert 200, Zeiss, Germany) equipped with a mercury arc lamp (HBO50), CCD camera (Imager 3L, La Vision, Germany), and adequate filter sets). After rinsing the surface with buffer, the fluorescence intensity was determined again. The decrease of fluorescence was calculated with respect to the uncoated surfaces.
Experiments for the concentration dependence of coating agents were carried out with F 108 and with Alexa488-BSA (Invitrogen, USA). A slightly different experimental set-up was used consisting of an IX71 inverted microscope (Olympus, USA) and a QuantEM camera (Photometrics, USA). As we are reporting relative decreases in fluorescence intensities and not absolute values, a comparison to the above protein adsorption measurements with FITC-BSA is well justified. The concentration of F 108 was varied from 2.5 μM to 10 mM, and incubations of the coating agent were carried out overnight. Alexa488-BSA was used at a concentration of 100 nM, and percentage values of the decrease were calculated in comparison to non-coated surfaces.
Results and discussion
In the following, we will present and discuss the effect of the three coatings physisorbed to PDMS and quartz surfaces. We particularly investigated the influence of dynamic and static coatings composed of the block copolymer F 108 , PLL-PEG, and DDM/MC, as well as the static coating with PLL-PEG on the EOF in PDMS and quartz devices. In addition, we studied the prevention from protein adsorption and consequently biofouling for these coating strategies.
In our study, all PDMS surfaces were pretreated and activated with oxygen plasma to achieve reproducible starting conditions. In the literature, oxygen plasma treatment of PDMS is described to render it hydrophilic and increase electroosmotic mobility due to the creation of silanol groups on the surface [20, 22, 43, 44] . The quartz glass chips were rinsed with sodium hydroxide before measurements to increase silanol content on the surface in accordance with Ren et al. [22] .
Effect of coatings on EOF
The effect of PLL-PEG, F 108 , and DDM/MC coatings to the EOF in PDMS and quartz microchannels has been characterized by the current monitoring method [42] . Measurements of the EOF in uncoated microchannels served as references. The EOF was always directed from the anode to the cathode (positive EOF) [45, 46] , except for the dynamic PLL-PEG coating. Table 1 shows the absolute and relative values for the electroosmotic mobility, μ eo , which was influenced the most by the three dynamic coating methods. In fact, DDM/MC and the dynamic F 108 coating both showed reductions of >91% in PDMS and quartz channels. Furthermore, the dynamic coating with PLL-PEG resulted in a reversal of the EOF direction (anodic EOF), thus a negative mobility. The static coating with PLL-PEG was effective to reduce EOF (83% in PDMS and 88% in quartz), however, less pronounced as in the dynamic cases of F 108 and DDM/MC.
Our data obtained for the dynamic DDM/MC coating are in close agreement with the earlier reported reduction of nearly 100% for dynamic DDM/MC coated poly(methylmethacrylate) (PMMA) microchannels [36] . Using only DDM, however, as presented by Dang et al. [36] and Huang et al. [47] , the EOF was only reduced by 25% in PMMA and 50% in PDMS channels [36, 47] . Two reasons are likely to pertain to the observed reduction in EOF: First, the increase of viscosity by methylcellulose [36] reduces EOF according to Eq. 1. Second, the surface charges are masked by the DDM coating [36, 47, 48] . In the case of PLL-PEG, masking of surface charges occurs as well and even leads to a polarity change on the surface so that the EOF direction is changed.
For F 108 , we can directly compare the differences in dynamic and static coating for PDMS. Hellmich et al. determined a reduction of 50% of EOF for static F 108 coatings [40] . Here, we found a reduction of 93% for dynamic coating demonstrating, an effective advantage of dynamic coating versus static coatings. As a general finding in our study, channels treated with dynamic coatings exhibit stronger reduction in EOF compared to static coatings. In addition, the surface coatings had an influence on the quality of the EOF measurement. The reproducibility was improved for all coatings. For example, the standard deviations decreased from 0.33×10 An important aspect of surface coatings represents their stability during repeated applications as well as the longterm stability. We tested both of these properties for static PLL-PEG coating and dynamic DDM/MC coating in PDMS channels. First, we determined the short-term stability of electroosmotic mobilities consecutively several times in the same channel. No significant changes for the dynamic DDM/MC coating could be determined, whereas the electroosmotic mobility of the static PLL-PEG coating increased (Fig. 2) .
To test the long-term stability, we recorded μ eo of static PLL-PEG and dynamic DDM/MC coatings over 7 days. This was achieved by incubating PDMS chips once with PLL-PEG and subsequent EOF measurements at days 1, 3, and 7. For dynamic DDM/MC coating, the PDMS chip was filled with the coating solution, and EOF was quantified at the same time intervals as for PLL-PEG coated chips. For static PLL-PEG, μ eo increases over 7 days from (0.39±
0.03)×10
−4 to (0.62±0.06)×10 −4 cm 2 (Vs) −1 , whereas for dynamic DDM/MC, no significant increase was found (Fig. 3) , i.e., the dynamic DDM/MC coating showed better long-term stability. Thus, a similar trend as for the consecutive repetition of EOF measurements was found confirming an overall higher stability, i.e., control of EOF with the dynamic coating method employing DDM/MC. This can be attributed to the regeneration of the coated surface by coating agents present in the dynamic procedure, which are able to occupy free areas on degraded surfaces. This finding is in good agreement with literature [47, 49] . Summarizing this section, the highest reduction of EOF could be observed on dynamically coated PDMS and quartz with F 108 or DDM/MC, and flow reversal was observed with PLL-PEG.
Contact angle measurements
The different coatings have further been investigated by goniometry. observed for plasma-oxidized PDMS. The increased wettability for plasma-oxidized surfaces is well documented in the literature [20, 40, 43, 44, 50] . The contact angle of uncoated quartz was determined as 34±5°resulting as hydrophilic as plasma-oxidized PDMS. In literature, a contact angle of about 35°was reported for quartz surfaces, which is in good agreement to our results [51] . In summary, all coatings resulted in reduced contact angle in comparison to the native surfaces. Best wettability could be achieved on PMDS for DDM/MC coating with a contact angle of 12±2°.
Protein adsorption
Since protein adsorption and surface wettability have been shown to be closely correlated [20, 21] , we next quantified the effects of surface coating on protein adsorption. We chose fluorescein isothiocyanate (FITC)-labeled BSA as a well-characterized albumin, known to adsorb readily to surfaces and exhibiting a high abundance in blood and plasma. It is thus a standard protein for testing nonspecific binding to surfaces [47] .
First, we compared the reduction in protein adsorption for the coating concentrations used in EOF measurements. Table 3 shows the percentage of reductions of BSA adsorption observed for the different coatings. The decrease of protein adsorption was calculated relative to plasmaoxidized PDMS surfaces and sodium hydroxide rinsed quartz. The highest reduction of protein adsorption could be achieved with dynamic DDM/MC coating with 74±5% and 79±5% reduction on PDMS and quartz, respectively. Indeed, coatings with the highest wettability (smallest contact angle) demonstrated the smallest adsorption of BSA. For F 108 and PLL-PEG surface derivatization, the adsorption of FITC-BSA also decreased, however, to a lesser extent. Static PLL-PEG resulted in 45±3% and 48± 3% on PDMS and quartz, respectively. Reductions of 59± 5% and 63±5% were achieved with dynamic F 108 coating on PDMS and quartz, respectively.
Next, we compared our data with literature values. Dang et al. showed a reduced protein adsorption for DDM and MC coating on PMMA surfaces [36] . On metal oxide and PDMS surfaces, PLL-PEG was also reported to reduce nonspecific protein adsorption [37, 39, 52, 53] . A reduction of protein adsorption for F 108 coating was reported for nonporous polymeric membranes, PMMA and PVC [54] [55] [56] . Our data on BSA adsorption are thus in good agreement with reported literature values.
In order to identify optimized coating conditions, we compared dynamic versus static coating for different concentrations of the coating agents. A priori, we expect a difference of these two coating methods, as a refreshing of the surface in the static case is not warranted during applications such as in capillary electrophoresis.
Starting with a static coating procedure, we varied the concentration of F 108 and tested the reduction of protein adsorption for various concentrations. Figure 4 shows the corresponding graph demonstrating a strong dependence of protein adsorption on the F 108 concentration. At a concentration above 1 mM, the reduction of protein adsorption reaches a plateau value of~80%. Below 1 mM, the Fig. 3 Long-term measurements of static PLL-PEG coating (light grey) and dynamic DDM/MC coating (dark grey) in PDMS channels. The mean electroosmotic mobility calculated from five independent experiments is indicated. The error bars indicate the standard deviation reduction of protein adsorption decreases rapidly with decreasing concentration of coating agent. Although BSA is a well-suited model protein to study protein adsorption, we further tested another blood borne protein with high adsorption tendency to surfaces. Electronic Supplementary Material to this manuscript shows the adsorption isotherm for fibrinogen adsorption on F 108 -coated PDMS surfaces. Those are in very good agreement with BSA adsorption developing the saturation region at concentrations higher than 1 mM coating agent and similar maximal reduction of~80% at these concentrations.
The dynamic coating procedure was tested by the following method. A pre-incubation step with the corresponding F 108 concentration was executed first, followed by a dynamic procedure in which the surface was incubated with the same buffer containing both BSA and F 108 . In an independent experiment, a time series at 1 mM F 108 indicated that the maximum coating is already reached at 10 min (data shown in Electronic Supplementary Material), very well corresponding with the 5-min incubation time we used to compare the different coatings in Table 3 . We thus tested the concentration dependence for the dynamic case at 10 min incubation time. As demonstrated in Fig. 5 , a saturation region above 1 mM is observed corresponding to the previously observed static coating. Interestingly, the protein adsorption on PDMS using the dynamic coating procedure with PLL-PEG also showed a decrease in adsorption (see Fig. 6 ). However, the plateau value reached only~80%. This could be attributed to a charge interaction of proteins with the positively charged PLL-PEG leading to attraction forces. However, the reduction in protein adsorption was still quite high. Another interesting fact is apparent with PLL-PEG dynamic coating. The saturation concentration is three orders of magnitude lower than in the case of F 108 . This can be explained by the fact that PLL-PEG has a high grafting density to PEG, whereas in F 108 , only two PEG chains are apparent per molecule. Thus, a much lower From both protein adsorption studies (static and dynamic), we found that the concentration used for all other measurements in our study are very close to the saturation regime, i.e., that a maximum coating efficiency is reached. This is also supported for the value of 59% from Table 3 for the reduction of protein adsorption at a F 108 concentration of 500 μM corresponding well to the saturation value of 60% protein adsorption reduction we obtained from the isotherm in Fig. 5 . Thus, we do not expect notable changes of the other parameters studied (contact angle, reduction of EOF) when increasing the coating agent concentration further.
Summary
We examined the effect of three coating agents on EOF, contact angle, and protein adsorption on poly(dimethylsiloxane) (PDMS) and quartz surfaces. PLL-PEG was used as static and dynamic coating, whereas F 108 and the hybrid coating DDM/MC were employed as dynamic coatings. The electroosmotic mobility could be significantly reduced by all coating agents. The highest reduction was achieved for the dynamic coatings F 108 and DDM/MC with reduction of more than 90% for both cases. For PLL-PEG, a reversal and thus anodic EOF was recorded. This interesting finding indicates that the surface could be titrated by the adequate amounts of PLL-PEG dynamic coating agent to null EOF. This is very advantageous for DC analytical applications, in which EOF is not desired. Moreover, the long-term stability and reproducibility of EOF were superior for dynamic coatings as compared to static coatings.
All surface coatings resulted highly hydrophilic on PDMS. Untreated quartz glass was as hydrophilic as plasma-treated PDMS. After surface coating, the contact angles of quartz surfaces decreased for all coatings relative to uncoated surfaces. On quartz, the highest hydrophilicity could be determined for static PLL-PEG and dynamic DDM/MC coating.
The adsorption of FITC-BSA was investigated via fluorescence microscopy. All coated surfaces exhibited lower protein adsorption than uncoated surfaces. A dynamic coating of both substrates with DDM/MC demonstrated maximal reduction of EOF and protein adsorption. Interestingly, PDMS surfaces often described as an inferior material, showed less EOF, better wettability, and also less protein adsorption as compared to quartz.
The optimal coating choice will be dependent on the application of the microfluidic device. If a static coating is more desirable because the polymers may interfere with the measurements, PLL-PEG was found to perform in satisfactory manner to reduce EOF (by 83% and 88% on PDMS and quartz, respectively), but was less effective in the reduction of protein adsorption compared to the other dynamic coatings (45% and 48% reduction in PDMS and quartz). For dynamic coating procedures, DDM/MC and F 108 performed equally well to control EOF. Additionally, a flow reversal with dynamic coatings of PLL-PEG may be desirable for applications in which electroosmosis has to be tuned in a specific direction relative to electrophoretic transport directions. For the reduction of protein adsorption, DDM/MC performed better than the other polymers at lower concentration. However, if the amount of coating polymer is not limited, all coatings are similarly efficient in adsorption prevention. In addition, the long-term stability of DDM/MC may be relevant for certain applications. Our study thus provides a guideline for investigators using PDMS and quartz microfluidic devices for bioanalytical applications.
